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is article presents an easy way to measure frequency dependence of the complex permittivity and complex permeability
for any kind of material from 10MHz to 6GHz, with temperature variation between the ambient temperature and 85°C. is
work is based on a well-known transmission/reﬂection technique using a coaxial line equipped with a thermoregulation
system to manage temperature variations in the sample conﬁnement area. e paper underlines some eﬀects which have to be
taken into account with temperature variation. APU10 and cyclohexanol are presented as examples of solid and liquid
reference materials.
1. Introduction
Measuring the electromagnetic properties of materials is
widely studied nowadays. In the last twenty years, many
useful measurement methods in microwave range [1] have
been developed for speciﬁc applications. Waveguide [2], as
the transmission/reﬂection method, resonators [3, 4], or free
space [5] are the most known techniques. ese devices are
designed to operate at room temperature over a speciﬁc
frequency range. In many cases, it becomes important to
determine the dependence of dielectric quantities as a
function of temperature, up to temperatures that can be very
high (several hundred degrees in the case of aircraft materials
located near aircraft engines). In this context, a new setup,
using a coaxial line [6] equipped with a wideband thermo-
regulated PID system tomanage temperature variations in the
sample area is proposed. In the literature, a few setups have
been proposed to study the temperature behaviour of ma-
terials, but mainly using the resonator [4, 7, 8] or free space
methods to reach high temperature [9]. Nonetheless, in these
cases, it is not possible to measure on a wideband of fre-
quency. A few studies of waveguided setups in temperature
have been done [10], but these techniques are often complex
and bulky. at is why we decided to propose an easy-to-use
solution to measure the permittivity and permeability of any
kind of material based on a coaxial line [2], with temperature
variation between ambient and 85°C. is paper is divided
into two parts; the ﬁrst part is focused on the frequency
measurement method, followed by the temperature variation
method. e second part presents the results obtained on a
few diﬀerent materials. e ﬁrst reference material is a solid
magnetic sample, a silicon-metal composite. As a second
reference material, cyclohexanol, which is a dielectric alcohol
well known in the literature [11], is used.
2. Measurement Method
In this section, the diﬀerent processes to determine the
frequency and temperature dependence of the electro-
magnetic characteristics of materials are detailed. We start
with a brief deﬁnition of the classical mathematical equa-
tions and of an uncertainty estimation for the frequency
dependence of the complex permittivity and the complex
permeability. Afterwards, we propose a process to accurately
manage the temperature in the sample to obtain the per-
mittivity and permeability behaviours.
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2.1. Frequency Measurement
2.1.1. Mathematical Equations. e permittivity and per-
meability are deﬁned as complex values:
ε � εR′ − jεR″[ ]ε0 � ε∗Rε0,
μ � μR′ − jμR″[ ]μ0 � μ∗Rμ0, (1)
where εR′ and μR′ correspond to the relative permittivity and
relative permeability. On the other hand, ε0 and μ0 corre-
spond to the vacuum permittivity and vacuum permeability,
respectively.
e setup is composed by a vector network analyser
(Anritsu MS2038C) and a tapered coaxial line. e coaxial
line is divided into three parts.
e two tapered parts were designed to convert the 7mm
diameter line of the coaxial connector, into a 13mm line, to
signiﬁcantly increase the sample volume. Furthermore, as-
suming the conical part as 50 Ω lines, it is possible to use a
de-embedding method [2] to obtain the S-parameters of the
sample.
e relation between the S-parameters and the trans-
mission parameter z and the reﬂection parameter Γ of a
sample are
S21 �
1− Γ2( )z
1−(Γz)2 ,
S11 �
1− z2( )Γ
1−(Γz)2 , (2)
where z and Γ can be expressed as
z
2
�
S11 − ΓΓ2S11 + Γ,
Γ � 1− S221 + S211
2S11
± ���������������1− S221+ S211
2S11
( )
2 − 1√√ . (3)
With |Γ|≤ 1. Next, the refraction index n and the line
impedance Z are calculated:
Z �
1 + Γ
1−Γ � �με√ ,
n �
c0k
ω
�
����
μ∗ ε√ . (4)
k can be expressed as
k � − ln z
jd
. (5)
Finally, with equation (1), permittivity and permeability
are obtained:
ε �
n
Z
,
μ � n∗Z. (6)
is method is useful to directly obtain the permittivity
and permeability without any assumption on the material
properties. Hence, the study of any kind of material (liquid,
solid, powder, etc.) is possible.
2.1.2. Uncertainty Estimation. In transmission/reﬂection
method, we expect diﬀerent sources of errors:
(i) Errors in measuring S-parameter
(ii) Gaps between sample and sample holder
(iii) Uncertainties in the length of the sample
(iv) Uncertainties in the plane reference position
In our case, S-parameter measurement uncertainties have
been obtained in the datasheet manual of the vector network
analyser (AnritsuMS2038C).ose errors only depend on the
calibration. Samples have been made carefully in order to ﬁt
perfectly to the sample holder. In this way, we do not care
about gaps in this uncertainties model.While the S-parameter
errors can be compared as oﬀset error in our measurement,
the length’s uncertainties and the reference position un-
certainties are diﬃcult to determine. e reference positions
are presented in this paper with the de-embedding method.
is method transforms the S-parameters of the cell into the
S-parameters of the sample because the sample is locked up in
the middle of the cell. We deﬁne 2 errors for 2 diﬀerent
lengths (l1 and l2) of the conical parts (Figure 1) Δl1 and Δl2.
Furthermore, to obtain the permittivity and the permeability
of the sample, its length is needed. Because of this, we have to
consider the error of the length of the sample ΔL. In order to
estimate the uncertainties of the S-parameter of the sample
considering the error of the S-parameter, Δl1, Δl2, and ΔL, we
derive the equations of the de-embedding method [2]. We
assume that the total error of the de-embedded S-parameter
can be written as
ΔSde11 � �������������������������������������zSde11
z S11
∣∣∣∣
∣∣∣∣
Δ S11∣∣∣∣ ∣∣∣∣( )2 + zSde11zθ11 Δθ11( )2 + zSde11zl1 Δl1( )2
√
√
,
ΔSde21 � ������������������������������������������������zSde21
z S21
∣∣∣∣
∣∣∣∣
Δ S21∣∣∣∣ ∣∣∣∣( )2 + zSde21zθ21 Δθ21( )2 + zSde21zl1 Δl1( )2 + zSde21zl2 Δl2( )2
√
√
,
(7)
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where Δ|S11|, Δ|S21|, Δ|θ11|, and Δ|θ21| correspond to the
uncertainties of the magnitude and the phase of the S-
parameter of the cell. Δ|Sde11|, Δ|Sde21|, Δ|θde11|, and Δ|θde21|
correspond to the uncertainties of the magnitude and the
phase of the S-parameter of the sample. Finally, we estimate
the error of the permittivity and the permeability as a
function of the error of the de-embedded S-parameter and
the error of the sample’s length [12]:ΔεR′
εR′  1εR′

zεR′
z Sdeα
∣∣∣∣ ∣∣∣∣Δ Sdeα∣∣∣∣ ∣∣∣∣ 2 + zεR′zθdeα Δθdeα( )2 + zεR′zL ΔL( )2
√√
,
ΔεR″
εR″  1εR″

zεR″
z Sdeα
∣∣∣∣ ∣∣∣∣Δ Sdeα∣∣∣∣ ∣∣∣∣ 2 + zεR″zθdeα Δθdeα( )2 + zεR″zL ΔL( )2
√√
,
Δμr′
μr′  1μr′

zμr′
z Sdeα
∣∣∣∣ ∣∣∣∣Δ Sdeα∣∣∣∣ ∣∣∣∣ 2 + zμr′zθdeα Δθdeα( )2 + zμr′zL ΔL( )2
√√
,
ΔμR″
μR″  1μR″

zμR″
z Sdeα
∣∣∣∣ ∣∣∣∣Δ Sdeα∣∣∣∣ ∣∣∣∣ 2 + zμR″zθdeα Δθdeα( )2 + zμR″zL ΔL( )2
√√
,
(8)
where α 11 or 21 corresponding to the reection and the
transmission parameter. Among all these error sources, we
studied especially the error of the sample’s length which is
measured manually with a caliper. Considering the me-
chanical nature (rigidity) of the material to characterize, the
accuracy of the thickness determination using a caliper
can then be obtained between 0.5 and 0.1mm.We compared
the two of them to show the impact on the general error
(Figure 2).
We easily understand how it became important to have a
good precision of the sample length. We did not plot the
impact of the error of l1 and l2, but the higher the precision,
the lower the error. Furthermore, Using a transmission
reection method, we can expect an error around 1% [1] for
the real part of the permittivity. In our case, we have ap-
proximately 5%, which is acceptable. Considering that
materials are impacted by temperature variation, the setup is
updated with a temperature thermoregulation system to
control the sample’s temperature value.
2.2. Temperature Regulation System. A heating ring is used
to manage the temperature variation of the coaxial line,
which is placed around the sample holder. is ring is
connected to a PID thermoregulation system.
With the present setup (Figure 3), measuring the per-
mittivity and permeability of materials at any controlled
temperature is straightforward. Nevertheless, the distribu-
tion of temperature homogeneity throughout the material
and the dilation of the cell need to be assessed.
2nd conical part1st conical part
Port 1
Connector
7mm diameter PTFE
washers
d
Port 2
Sample area
13mm diameter
Figure 1: Measurement coaxial line. CST design.
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Figure 2: Relative uncertainty in εR′ as a function of frequency
where εR′ is the result of a permittivity measurement of a 4mm
length sample of APU10 (solid magnetic material presented in
Results).
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2.2.1. Cell Dilation Eﬀect. Heating of the sample holder
increases the temperature of the entire coaxial cell. us, the
cell can expand and directly modify the measured S-pa-
rameters. So, the permittivity and permeability, directly
obtained by the S-parameters, also show the impact done by
the temperature of the cell. To prove that the temperature
has no dilation impact on the cell, an evaluation, as function
of temperature, was carried out for the empty cell, i.e., the
electromagnetic properties of air were measured with in-
creasing temperature at a speciﬁc frequency. Figure 4 rep-
resents the real part of the permittivity of the air sample as a
function of temperature at 1GHz.
e literature shows that the permittivity of air is closed
to 1 [13] and can be considered as a constant with tem-
perature variation [14]. In the case where no dilation occurs
in the cell, no variation of permittivity should be noticed and
only the cell can change the permittivity measurement. We
can notice that the variation of the real part of the per-
mittivity is quite steady (Figure 4). e variation of the
permittivity is about less than 1 percent of the permittivity of
the air. is is insigniﬁcant compared to the error of the
measurement technique. erefore, it is possible to consider
that the temperature has no impact on the coaxial line in this
range of temperature.
2.2.2. Sample Homogeneity Eﬀect. To accurately measure the
correct temperature dependence of the permittivity and
permeability, homogeneity of the temperature inside the
material becomes important. To evaluate the temperature of
the sample holder, a PT100 sensor is placed between the
heating ring and the external part of the sample holder. We
extrapolate the stabilization of the internal temperature of
the sample holder, and thus of the sample itself, by applying
a suﬃcient stabilization delay. is extrapolation generates a
certain diﬀerence that disappears with suﬃcient waiting
time (Figure 5(a)).
Considering only the temperature of the sample holder, it
is impossible to precisely know the sample’s temperature. e
diﬀerence showed (Figure 5(a)) corresponds to the in-
homogeneity of the temperature in the sample which is
diﬀerent from the temperature obtained by the PT100 sensor.
Waiting for a time “t”, depending on the material, until the
sample is at the good temperature, is an easy way to correct
this inhomogeneity. is time corresponds to the moment
when the temperature is the same, in the material and around
the sample holder. It is called stabilization delay (SD) in this
paper. en, after the SD, the temperature inside the material
can be considered homogeneous and the permittivity ob-
tained could be assigned to the temperature measured.
e way to determine the SD depends on the material to
test; the SD has to be deﬁned correctly. In the Figure 5(b), the
SD is evaluated with a measurement of permittivity between
two steps of temperature as a function of time. e SD is
ﬁxed for a step of temperature (here, 5°C) and is obtained
when the permittivity does not change anymore. On liquids,
permittivity evolves rapidly with temperature variation,
especially in the case of alcohols. is process is not as
straightforward when refering to solids or powders. To
calculate the SD, when no variation of permittivity is noticed
between two steps of temperature, a minimum time of 720s
is ﬁxed for a step of 5°C.
e thermoregulation system is designed to reach
hundreds of degrees. However, in the actual conﬁguration,
the temperature is limited to 85°C. is maximum is set by
themaximumworking temperature of the connectors placed
between the VNA’s N-type cables and the cell. To avoid
irreversible problems on connectors and coaxial cables, the
(a)
Vector network analyser (VNA)
Temperature controller
Thermometer Heating
Coxial cell
Computer
(b)
Figure 3: Picture and synoptic of the permittivity measurement setup with temperature variation.
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Figure 4: Picture of the real part of permittivity of air for an empty
cell as a function of temperature at 1GHz.
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maximum temperature of the setup is 85°C. e setup’s
performance has been checked from ambient to 85°C.
3. Results
anks to the frequency measurement part and temperature
measurement part, it becomes easy to characterize any kind
of material on a wide range of frequency and between
ambient temperature and 85°C with the coaxial line (Fig-
ure 1). Validation results are presented with two diﬀerent
reference materials on a wide band of frequency and at
diﬀerent temperatures. Due to the possibility to characterize
any kind of materials, a solid magnetic material, APU10
(SIEPEL, France), and a nonmagnetic liquid, cyclohexanol,
have been selected. Cyclohexanol is a well-known alcohol
referenced in literature [11].e principal aim of this work is
to show that the setup is convenient for any application and
can be easily conﬁgured in terms of frequency and tem-
perature, bearing in mind that the applications are in the
working range of this setup.
Figure 6 shows the permittivity and permeability of
APU10. Figures 6(a) and 6(b) were generated with the same
conﬁguration and at the same time.e length of the sample
was 4mm (Figure 1). Two diﬀerent temperatures have been
chosen, 25°C as the ambient temperature, and 85°C, which is
the maximum temperature of the setup.e frequency range
is 50MHz to 6GHz. us, a full map of the frequency and
temperature dependence of electromagnetic characteristics
of the sample is obtained.
In Figure 6, the permittivity behaviour of the APU10 seems
to be steady along the frequency, whereas the permeability
decreases linearly. But, some wavy dependence appears on the
measurement. We think that this phenomenon is produced by
a slight mismatch in the coaxial line. As a carbonyl iron in a
silicon matrix, the behaviour of the measurement can be
compared to a classic carbonyl iron material. Considering our
error, we assume that the permittivity is steady and the real part
of the permittivity decreases upon 1. e same measurement
has been made with rectangular waveguide in the literature
[15], which conﬁrms the behaviour found.
In the same way, Figure 7 represents the permittivity and
permeability of cyclohexanol. As in the APU10 case, the
same frequency range and frequency step are used. e
sample area was completely ﬁlled by cyclohexanol since the
liquid is surrounded with the watertight Teﬂon walls of the
sample holder. Diﬀerently from APU10, cyclohexanol ex-
pands with temperature dependence. Due to the Teﬂon
washers (Figure 1) conﬁning the liquid, pressure increases
with temperature increase, until the washers give way. To
avoid this phenomenon in the sample area, the maximum
reached temperature was 45°C instead of 85°C.
In Figure 7, the permittivity of the cyclohexanol has a
classic behaviour of many liquids as the alcohol. Indeed, we
observe a relaxation dispersion which can be well ﬁtted by a
Cole–Cole model [16]. e real part of the permittivity
seems to decrease fastest when we decrease the temperature
to lower frequency. is eﬀect is well known in the literature
and is related to the relaxation time [17–19]. Decreasing the
temperature freezes the electric dipoles in the alcohol and
increases the relaxation time. It can be well explained by the
“Arrhenius law” [20]. Furthermore, as a nonmagnetic ma-
terial, we have a steady behaviour around 1 for the real part
of permeability which conﬁrms the validity of the
measurement.
4. Discussion
is article presents a study on electromagnetic character-
istic measurement with temperature variation. e goal of
this study was to validate a wide-band measurement tech-
nique with temperature variation. e frequency measure-
ment is obtained with a classical coaxial transmission line
method, and the temperature measurement is managed with
a thermoregulation system. e maximum temperature was
set to the maximum temperature accepted by the connectors
even if the actual setup could go further.
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Figure 5: (a) Graphic representing the real part of permittivity of a sample of octanol with a positive and negative slope of temperature
variation. (b) Graphic representing the real part of permittivity of ethanol at 100MHz as a function of time. It shows a heating-up process
where at the beginning, the temperature was 30°C and after 600s, 35°C.
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Two main eects of temperature measurement have been
presented. Firstly, it is the cell dilation eect which may
appear at high temperatures. In the actual conguration of the
setup, the dilation eect was negligible throughout the
temperature range. Secondly, it is the eect of sample tem-
perature homogeneity, which is decisive when measuring the
permittivity of samples of a certain considerable volume.
Finally, permittivity and permeability measurements
have been conducted on dierent materials; as a solid
material, APU10, which is magnetodielectric, has been
chosen. e temperature variation behaviour of the material
has been presented, as well as the frequency variation.
Likewise, as a liquid material, a sample of cyclohexanol has
been studied. is one was a dielectric material with a well-
known frequency dependence.
As shown in this paper, the setup is a helpful
technique to obtain an approximation of the
permittivity and the permeability of any kind of ma-
terial. Furthermore, on a temperature range of 25°C to
85°C, it is also possible to measure permittivity and
permeability variations. e next challenge will be the
proposition of an upgrade of this setup to reach higher
temperatures with coaxial line to maintain the wide
band frequency measurement.
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Figure 6: Real part and imaginary part of permittivity (a) and permeability (b) of a sample of 4mm length of APU10 with frequency and
temperature variations with the corresponding error.e frequency range is from 50MHz to 6GHz at two dierent temperatures, 25°C and 85°C.
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Figure 7: Real part and imaginary part of permittivity (a) and permeability (b) of a sample of cyclohexanol with frequency and temperature
variations with the corresponding error. e frequency range is from 50MHz to 6GHz at two dierent temperatures, 25°C and 45°C.
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